Macro-particles transported in the bloodstream, such as LDL particles and macrophages, are considered to be one of the initiating factors of atherosclerotic plaque development. LDL infiltration from the bloodstream into a blood vessel's wall, whether the coronary, peripheral, or carotid arteries, is considered a major inflammatory factor, recruiting macrophages from the blood flow and leading to the formation of vulnerable atherosclerotic plaques. Infiltration sites are influenced by patterns of blood flow, as regions of lower shear stresses and high oscillations may give rise to higher infiltration rates through the endothelium, exacerbating the growth of a plaque and its tendency to rupture. Previous studies demonstrated a high prevalence of rupture sites proximal to the minimum lumen area, which raised the question of whether the existence of two distinct adjacent plaques, in which the distal plaque is more severe, can give rise to hemodynamic forces that can push the non-stenotic plaque to rupture. Models of the coronary arteries with one and two eccentric and concentric stenotic narrowings were built into a closed flow loop. The single stenosis model had a 75% area reduction narrowing (representing the vunerable atherosclerotic plaque) with relevant elastic properties. The double stenosis model included an additional distal 84% area reduction narrowing. The flow in the area between the two stenoses was recorded and analyzed using continuous doppler particle image velocimetry (CDPIV), together with the hydrostatic pressure acting on the proximal plaque. Results indicated that the combined shear rates and pressure effects in a model with a significant distal stenosis can contribute to the increase in plaque instability by LDL and enhanced macrophage uptake. The highly oscillatory nature of the disturbed flow near the shoulder of the vulnerable atherosclerotic plaque enriches its lipid soft core, and the high hydrostatic pressures acting on the same lesion in this geometry induce high internal maximal stresses that can trigger the rupture of the plaque.
Introduction
Atherosclerosis is a progressive chronic disease of the large arteries and is considered to be the primary cause of heart disease and stroke, the largest causes of mortality in the Western world. Epidemiological studies over the past 50 years have revealed numerous genetic and environmental risk factors for atherosclerosis, including high cholesterol, hypertension, diabetes, family history, high-fat diet, smoking, lack of exercise, and others. The progression of an atheroma is considered to be an inflammatory process 1 that involves the immune system. The process of atherosclerotic plaque formulation is hypothesized to begin with an endothelial dysfunc-tion, in which its permeability and adhesion to leukocytes and platelets are increased. Low-density lipoprotein (LDL) is a major cause of injury to the endothelium and smooth muscle cells (SMC). LDL particles accumulate in the subendothelial matrix and undergo progressive oxidation, forming oxLDL which is internalized by macrophages, producing foam cells. High levels of cholesterol oxides in the cell membrane can trigger foam cell death by apoptosis which in turn may foster the formation of a necrotic lipid core. "Vulnerable atherosclerotic plaque" generally refers to intact lesions that resemble plaques disrupted and compromised by thrombosis. It is assumed that given enough time and/or the right stimulus, the plaques can become disrupted, thus triggering the formation of a thrombus. A large number of vulnerable plaques are relatively uncalcified and non-stenotic; they reduce lumen diameter by less than 50%, 2 have a large lipid core accounting for over 40% of the plaque's total volume, and have a thin fibrous cap of less than 100 µm. 3 A plaque ruptures when the fibrous cap tears and the necrotic lipid core (which is extremely thrombogenic) is exposed to blood in the arterial lumen. The shoulders of a complex plaque, defined as the longitudinal margins originating at the apex of the plaque up to its connection with the normal vessel wall, are highly prone to rupture and contain macrophages, T lymphocytes, and a paucity of SMC. Plaque rupture and fissuring account for the great majority of thrombi that cause acute coronary syndromes (ACS) with consequent myocardial infarctions (MI). Most occlusive thromboses are clustered within the proximal portion of the major epicardial arteries. 4 From the clinical standpoint, significant stenosis at the proximal left anterior descending (LAD) artery jeopardizes the anterior left ventricular wall and worsens prognosis in coronary artery disease. Eccentric involvement was common in the proximal LAD over a wide spectrum of stenosis severity. 5 Moreover, ruptured plaques show a significantly more eccentric position of the lumen than nonruptured plaques. 6 High blood pressure is another risk factor influencing the onset of ACS. A measured pressure waveform generally results from coincidental succession of forward and backward wave fronts. Forward wave fronts originate in coronary arteries in the left ventricular cavity, and backward wave fronts originate in small vessels within the myocardium. The nature of wave reflection will depend on the nature of the reflecting site. A positive pressure change reflects a positive pressure change from a closed end but becomes a negative pressure change when reflected from an opening or an expansion. An increase in blood pressure levels due to wave reflections can have a strong effect on the development of atherosclerosis. Increased systolic blood pressure, pulse pressure, and mean blood pressure are all associated with inflammatory markers, such as interleukin-6 (IL-6) and intercellular adhesion molecule-1 (sICAM-1). 7 It has been suggested, therefore, that increased blood pressure may be a stimulus for inflammation, which can explain its role as a risk factor for atherosclerosis.
Localizing rupture-prone plaques proves to be quite a tedious task, as more and more imaging techniques are constantly developed in order to identify them, usually by tracing morphological and histological characteristics that separate these biologically active lesions from other stenotic, stable plaques. While vulnerable plaque ruptures are responsible for most cardiovascular events, the vast presence of these plaques throughout the coronary arterial tree suggests that only a fraction of them tend to rupture, while others stay intact. The reasons for the higher tendency of some plaques to rupture remain quite elusive, and are partially responsible for the difficulties in developing prevention strategies prior to clinical deterioration.
Plaque instability might be caused by pathophysiological processes, such as inflammation, that exert adverse effects throughout the coronary vasculature and therefore result in multiple unstable lesions. Angioscopic studies show that all three major coronary arteries are widely diseased in patients with MI and have multiple nondisrupted plaques. 8 An intravascular ultrasound (IVUS) study of patients with ACS showed that only 37% of plaque ruptures were located on the culprit lesion. 9 Thus, though only a single lesion is clinically the culprit affecting ACS, ACS can be associated with pancoronary destabilization. A high prevalence (54%) of additional plaques was found to be located proximal to the culprit lesion, regardless of whether the clinical situations were acute, evolving MI, or stable coronary syndromes. 10 In patients with acute MI, plaques that were distant from the culprit lesion had a fivefold higher frequency of ulceration, suggesting that the distant plaques may indeed be regarded as vulnerable. An IVUS study conducted on patients with unstable angina, MI, or stable angina, as well as on patients with no syndromes, showed an even higher prevalence (72%) of plaque ruptures that were distinct from the minimum lumen area (MLA). 11 Another study 12 confirmed that most of the ulcerated ruptured plaques in ACS patients were proximal to the minimal lumen site. Even though it can be argued that non-culprit lesions might be an early stage in the development of a stable, highly stenotic plaque, an angiographic study on patients with acute MI showed little change during 6 months of follow-up in those non-culprit complex plaques. 13 According to these observations, most of the ruptures do not occur, surprisingly, in the MLA itself or distal to it, but proximal to the MLA, and in many cases the rupture site and the MLA refer to two distinct plaques. The lower stenosis rate at the rupture site may suggest the occurrence of ruptures at vulnerable plaques, which possess the characteristics of mild narrowing and a high tendency to rupture. This further suggests that the geometry of a mild stenosis with a distal larger narrowing presents a fertile ground for hemodynamic conditions that worsen the stability of the proximal lesions and induce a higher risk of rupture and formation of life-threatening thromboses.
Methodology
A flow loop was designed to mimic the conditions in a blood vessel with two distinct plaques, wherein the proximal stenosis is less narrowed. The flow in the region between the two stenoses was recorded and analyzed using continuous digital particle image velocimetry (CDPIV). The CDPIV was designed to measure the hemodynamic parameters of importance, yielding dynamic maps of the shear stresses which act on the proximal plaque and may participate in the evolution of this high-risk plaque. Pressure measurements were used to evaluate the influence of the distal disturbance on the overall resistance of the blood vessel, which may contribute to the normal stresses acting on the vulnerable lesion.
Models of a mild stenosis, both with and without a distal higher narrowing, were employed (FIG. 1B-D) . The initial inner diameter of 15 mm corresponded to a scaled up model of a 3 mm diameter LAD artery. The mild stenosis consisted of a 50% diameter stenosis, corresponding to a 75% area stenosis, while the distal narrowing consisted of a 75% diameter stenosis, corresponding to a more severe 84% area stenosis. The single stenosis was constructed as an eccentric single stenosis (ESS) model. A model of eccentric double stenoses (EDS) was also compared to a model of concentric double stenoses (CDS). The models were scaled up, by a diameter factor of 5 in order to improve the spatial resolution, and were made of RTV-630 silicon with a 1-mm wall thickness. The in vitro waveform was constructed to mimic the LAD waveform. The apparatus was calibrated with a straight tube without a stenosis, and then replaced by tubes consisting of one and two stenoses. The experimental setup and instrumentation are detailed in an earlier publication, 14 with the exception that the laser used here was a Solo-II 15Hz Nd:Yag laser system (New-Wave Research ; New Wave Research, Inc., Fremont, CA) with a wavelength of 532 nm and energy of 30 mJ.
CDPIV data provide only two components of a three-dimensional vector field. Matlab (MathWorks Inc., Natick, MA) was used to derive shear strains and stresses from these vectors. Shear stress related parameters, e.g., the oscillatory shear index (OSI), which describes the degree of deviation of the wall shear stress (WSS) from its average direction, were estimated. This index represents a measure of the shear stress acting on the luminal surface due to either cross-flow or reverse-flow velocity components occurring during the pulsatile flow. For purely oscillatory flow, the OSI attains its maximum value at 0.5. The OSI does not take into account the magnitude of the shear stress vectors, merely the directions.
Fluid pressure was measured using a Millar pressure transducer model SPR-524 (Millar Instruments, Houston, TX), with a 2.3 French catheter size and 3.5 French sensor size. The pressure gauge was inserted into the tubular model, and measurements were obtained from different locations along the central tube axis. For the double stenotic model, the measurement locations were on the proximal shoulder of the mild stenosis, its apex, the distal shoulder, the middle of the region between the two stenoses, the proximal shoulder of the severe stenosis, its apex, and its distal shoulder. The one-stenosis model included the same locations excluding those associated with the distal severe stenosis. Measurements were conducted for three different pulsation rates, corresponding to 60 beats per minute (BPM), 80 BPM, and 100 BPM heart rates. All measurements were averaged over five consecutive pulse cycles. Maximal pressure values, as well as pressure drops over the mild stenosis, were analyzed by ANOVA. Differences were considered significant FIGURE 2. OSI comparison at the distal shoulder of the mild-stenosis. Black arrow indicates the direction of flow. The abscissa is divided into 15 points, starting at a region closer to the apex of the mild-stenosis, and ending at the end of the stenosis, where it reattaches to the normal straight vessel wall.
at probability levels of P < 0.05. The pressure values were compared using Fisher's exact test.
Results
The OSIs on the distal shoulder of the mild stenosis in the three models are compared in FIGURE 2. The measurement path-line is divided into 15 points, starting at a region closer to the apex of the mild stenosis and ending at the end of the stenosis, where it reattaches to the normal straight vessel wall. The OSI for all three models at the region closer to the apex of the stenosis is close to 1, indicating that the flow in that region is unidirectional throughout the whole cycle. An OSI value of 0 represents a unidirectional flow in the opposite direction, while a value of 0.5 represents a purely oscillatory flow. As expected, all three models demonstrate OSI values closer to 0.5 while advancing along the shoulder towards the upper wall, i.e. deeper into the recirculation area. However, both the ESS and CDS models have very similar OSI values, indicating a unidirectional flow for most of the shoulder length. At the very end of the shoulder, where it reconnects with the straight vessel wall (location points 14-15), the OSI values for the CDS model are slightly closer to 0.5 than for the ESS model, indicating that the flow there oscillates a little bit more than in the single stenosis case. However, the EDS model yields OSI values much closer to 0.5 along the same path, reaching an OSI of 0.64 ± 0.0095, indicating that the presence of a distal disturbance by itself does not necessarily implicate high flow oscillations, and that the eccentricity is an important factor too.
In order to examine the influence of different pulse rates on the shear-related parameters, measurements were conducted at three different heart rates, corresponding to 60 BPM, 80 BPM, and 100 BPM as well as a constant flow. The constant flow was at the average flow rate over a cycle. The comparison in FIGURE 3 is presented for the ESS model. The measurement points correspond to the same locations as in FIGURE 2. All of the different flow rate cases begin with a unidirectional shear stress value of 1, close to the apex of the stenosis. However, advancing into the recirculation zone, the OSI values grow smaller, and the lower the frequency, the closer the oscillatory indicator approaches 0.5. At higher frequencies, the flow within the recirculation zone restores a smaller portion of the core flow direction; therefore it stays for a longer period of the cycle in the same negative direction. This result indicates the favorable effect of the higher flow rates.
Pressure was measured along several locations within the model, starting upstream from the mild stenosis and continuing to the high-grade stenosis downstream. FIGURE 4 shows the maximal pressures of the different models, at three different locations at 60 BPM. Since the proximal mild stenosis is the focus of the current study, only the pressures acting proximally to the narrowing, on its apex, and distally to it, were compared. Thus, the notation "proximal," "middle," and "distal" shown in FIGURE 4 relate to the mild stenosis. There is no significant difference in these locations between the control and the single stenosis. However, a significantly higher pressure (P < 0.05) was observed in each of these locations at all flow rates in the EDS model, compared to the control and the ESS models. The pressure at the middle of the mild stenosis at 60 BPM, for example, is 142 ± 0.2 mmHg for the EDS model, versus 125.89 ± 0.035 mmHg for the ESS model. The overall resistance of the tubular vessel to the flow is higher at the EDS model, and similar pressure differences between the EDS and ESS models are found at the proximal and distal locations. It is also of interest to note that the pressure drop on the stenosis itself, defined as the difference between the maximal distal pressure and the maximal proximal pressure shows no significant difference between the ESS model and the control. The pressure drop is significantly higher for the EDS model, compared to both ESS and control. The pressure drop at 80 BPM in the double stenosis model, for example, is 11.4 ± 1.43 mmHg, compare to 3.75 ± 0.91 mmHg for the single stenosis case. This finding demonstrates that the maximal pressure values are higher for the double stenosis model, and that the pressure drop, which is a measure that doesn't take into account any averaged baseline that could affect the maximal measured pressure, is in fact also higher for this geometry. This effect does not result from the increase in the overall vessel resistance, but is rather a consequence of a reflected pressure wave from the distal narrowing, which adds constructively to the forward pressure wave.
In order to evaluate the effect that different cycle durations have on the value of the measured pressures, a comparison was made between the maximal pressure values at flow rates corresponding to heart rates of 60, 80, and 100 BPM. As presented in FIGURE 5, pressure is significantly lower at both 80 and 100 BPM than at 60 BPM in the EDS model at all three locations. There is no significant difference between 80 and 100 BPM in the proximal and middle locations. However, at the distal location, which in this case is midway between both stenoses, the measured pressure is also a function of the reflected pressure wave, and at higher frequencies the reflected pressure wave possesses lower peak values that add up to the forward pulse wave. Consequently, the effect of the pressure drop due to higher pulsatility is actually doubled. At this region, the maximal pressure at 100 BPM (which stands on 134.21 ± 1.48 mmHg) is significantly lower than both 60 (138.93 ± 1.68 mmHg) and 80 BPM (136.25 ± 0.72 mmHg).
Discussion
Atherosclerotic plaques are distributed all over the arterial tree in sites which are believed to be nonrandom. Predilection sites for atherosclerosis occur at sites characterized by low shear stresses and flow reversal. Under such a complex flow behavior, endothelial cells (ECs) were found to have greater monocyte binding 15 compared to ECs exposed to laminar unidirectional flow. It is believed that the ECs that coat the inner surface of the artery respond to the tangential forces imposed upon them by the flowing blood. 16 Variations in the direction of these forces during the cardiac cycle could prevent the cells from adopting a stable configuration, resulting in a compromised barrier function. The OSI values derived in all three models are close to 1 at the area closer to its apex, indicating a purely unidirectional flow in the negative direction, which has a positive influence on the ECs functioning. However, the OSI gradually decreases with the advance towards the base of the shoulder to close to 0.5, which represents a purely oscillatory flow. The oscillatore OSI values (close to 0.5) in the EDS model, especially at the base of the plaque shoulder, may indicate a longer residence time of particles near the wall, 17 which can be regarded as a hazardous phenomenon, predisposing this geometry to higher risk of more lipid accumulation and anecrotic core enlargement.
The compliance of an arterial wall importantly modulates the consequences of oscillatory flow. If the artery has normal distensibility, the oscillatory flow can actually be protective, and there is some evidence that increasing the frequency of pulsation may be advantageous. 18 The OSI is highly influenced by the pulsation frequency, as lower frequencies caused higher flow oscillations for most of the length of the shoulder area. For all models, a frequency of 80 BPM behaves quite similarly to a constant flow rate, suggesting that this rate value is close to the natural frequency of a tube with the specific geometrical and material properties given in this experiment. The significantly higher OSI values of the EDS model indicate that this is by far the most perilous geometry.
Eccentric plaques at preserved lumen locations are known to experience increased tensile stress at their shoulders, making them prone to fissuring and thrombosis. 19 Since most of the atherosclerotic lesions are eccentric, it is of much interest to know how hazardous this formation is, considering both stress concentration and macromolecule accumulation. OSI values indicate that the CDS model behaves more similarly to the ESS model than to the EDS. This is a surprising finding, considering the fact that the degree of stenosis for both the mild proximal stenosis and the distal high-grade stenosis are the same for both the EDS and CDS models. This finding indicates that a pure concentric orientation of the lesions is enough to compensate almost completely for the harmful flow conditions caused by the presence of a distal high-grade stenosis. Another way to look at it is that a single eccentric mild stenosis is just as "harmful" as two sequential concentric stenoses, from the oscillatory shear stress point of view. This demonstrates the very important role of the degree of eccentricity on the flow conditions, which may harm the normal functioning of the endothelial layer as a barrier to macromolecules infiltration.
The pressure wave is composed of a forward traveling wave generated by the driving flow and a reflected wave from distal obstacles such as arterial narrowing. High blood pressure, such as in patients with hypertension, is known as one of the most important risk factors for atherosclerotic disease, and one possible explanation for this phenomenon is that high pressure levels may stimulate inflammation via expression of cytokines. 7 However, these findings refer to hypertensive disease, which affects the whole systemic vasculature. In the current study the findings refer to a local rise in blood pressure due to a specific geometry in specific arterial segments, and it is not clear whether a localized high pressure can act as a stimulus for local release of cytokines. In patients with several stenoses, especially sequential stenoses, it is important to assess the risk of each lesion to rupture. Various studies have tried to establish clinical evaluation techniques for selecting the most appropriate lesion for treatment procedures, such as pressure measurements in patients with sequential stenoses as a basis of coronary and fractional flow reserve by accounting for stenosis interaction, 20 or by treating arterial pressure as a significant cause of elevated shear stress and accompanying stretch, 21 which are hypothesized to be the primary factors responsible for the topography of atherosclerotic plaques. Convective fluid motion through artery walls aids in the transvascular transport of macromolecules into the arterial wall. It has been shown that an increase in pulsatile pressure creates a significantly increased filtration, 22 which can serve to drive toxic agents, such as oxLDL, deeper into the artery, therefore increasing the injury. High pressure levels may trigger high peak circumferential stress (PCS) within the plaque. Finiteelement studies, performed on a series of IVUS-based vulnerable plaque cross-sections on which different pressure levels were applied (45-150 mmHg), showed that a linear relationship exists between the pressure and the PCS on the atherosclerotic cap. 9 Furthermore, reduced cap thickness and decreased core stiffness increase PCS dramatically. Similar results were obtained in a fluid-structure interaction study that also varied these parameters and found that higher pressure, thinner cap thickness, and larger, softer lipid pools were correlated with higher maximum stress. 23 Thus, in the case of a morphologically vulnerable plaque, which has a high tendency to develop high PCS, simple changes in blood pressure can place the plaque in a high-risk, unstable range. Major stress concentrations were found in a finite-element simulation to be located mainly at the edges of plaques, 24 as extremely large stress gradients appear at the interface between tissues that have a substantial difference in their stiffness. Even at a relatively low-grade 30% luminal stenosis, a critical combination of plaque cap thickness and lipid volume that results in high shoulder stress area was established. 25 A model, which attributes plaque rupture to the presence of micro calcified particles, was recently proposed by a group of investigators including one of us (S.E.). 25 These results are consistent with the higher frequency of rupture at the shoulder of the plaques.
In this study, a significant rise in the hydrostatic pressure was measured for the EDS model as compared to the ESS model for all flow rates, while no significant differences were found between the ESS and the control model. This indicates that the existence of a single mild 50% diameter stenosis within the tube does not influence the overall resistance of the vessel, probably because of the compensatory effect of the compliance of the tube. However, the addition of another highgrade 75% diameter stenosis causes a sharp rise in the resistance, as the compliance of the vessel cannot compensate for this significant constriction, therefore the pressure rises sharply by approximately 15 mmHg. A rise in the maximal pressure is visible not only on the highly stenotic distal plaque or proximally to it, but at all locations along the vessel, indicating that the additional narrowing causes a rise in the overall resistance of the tube. Yet, in order to avoid the effect of the rise in total resistance, a pressure difference between two points-just downstream to the mild stenosis and just upstream to it-was also measured. This comparison also shows that there is a greater pressure drop on the mild stenosis in the EDS model, this time due to reflection of a pressure wave from the distal disturbance, adding positively to the forward pressure wave and raising its peak value. The higher normal pressure acting on the mild stenosis may contribute to the internal stresses within the plaque, and if a vulnerable plaque is considered to be the mild stenosis, it can trigger this already unstable lesion toward a higher risk of rupturing. A comparison of the maximal pressures measured at different flow rates demonstrates that the higher flow rate causes a smaller rise in pressure. Combining this beneficial effect of high flowrate with the unidirectional OSI values discussed above, it is clear that higher frequencies have a positive effect over both shear-related qualities and the rise in hydrostatic pressure.
Summary
This study relates to the geometry of a mild stenosis, a model of a possibly vulnerable plaque, which in the presence of a distal high-grade narrowing generates flow patterns, manifested both in shear-related qualities and in hydrostatic pressures, that are hazardous to the stability of the mildly stenotic plaque. This hypothesis was tested by studying the combined role of flow patterns and pressures that could lead to further instability and increase the risk of the mild stenosis plaque rupturing.
The results emphasize the higher potential threat of a specific geometry consisting of two consecutive plaques, wherein the distal plaque is highly stenotic. The combined shear rates and pressure effects in this model yield a highly oscillatory disturbed flow near the shoulder of the mildly stenotic plaque. This effect contributes to an increase in plaque instability and to enhanced uptake of LDL and macrophages, thus enriching its lipid soft core. Higher hydrostatic pressures applied on the same lesion in this geometry can induce higher maximal internal stresses that may trigger the rupture of the plaque. Moreover, the eccentricity of the stenotic plaque is also of importance, as highly eccentric plaques present riskier outcomes, whereas concentricity reduces the negative outcomes to the scale of a single mildly stenotic plaque without any distal disturbance.
Most available diagnostic strategies for the identification of vulnerable plaques are quite limited. Investigators are striving to determine why one plaque is vulnerable and life-threatening while another is resistant and innocuous. The present study offers a partial explanation of the conditions that can influence the stability of an atherosclerotic plaque through shear stress related situations and the effects of the induced internal high stresses on the vulnerable plaques in the specific geometry of two adjacent stenoses.
